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Abstract. This paperdescribeshe analysisusedto determinethe neutralcurrentri® productionin

MiniBooNE in binsof momentumAdditionally, ameasuremertf therelative coherenproduction
of m’sis discussedThe coherenproductionrateis foundto be (19.5+1.1 (stat)42.5 (sys))%of

thetotal exclusive neutralcurrentri® productionrate.

INTRODUCTION

Neutral current7®— productionis a potentialmajor backgroundo the ve appearance
signalthatMiniBooNE is lookingfor in its testof LSND [1]. As suchthemainobjectve
of this analysisis to measurehe rateof 1° productionso that misidentificationin the
Ve Oscillation samplecan be determinedas a function of reconstructede enegy in
the chaged currentquasi-elastianode. As a resultthe initial productof the NC m°
analysiseffort is not an absolutecrosssection.Insteadit is a measuremenf the total
m° productionin bins of momentum,and a measuremendf the coherentproduction
which effectively fixesthe angulardistribution. The analysisdescribecherewas used
in the recentoscillation analysisreportedby MiniBooNE [2] to fix the r° production
in the Monte Carlo basedon the obsered ri° ratesin data.In addition,the dynamics
of neutrinoinduced,neutralcurrent ° productionis of interestin its own right. The
analysisshavn herebuilds uponthework previously shavn at Nulnt04[3].

DETERMINING m° PRODUCTION IN MOMENTUM

The event selectionbegins with a setof pre-cutsthat exactly matchthe pre-cutsused
in the electronneutrinoselection.The event musthave only a primary event without
evidenceof a secondaryeventconsistentvith a muondecay(or Michel electron).This
eliminatesthe vast majority of chaged currentv, interactions.The event musthave
more than 200 hits in the main tank. This is well above the Michel endpoint. The
eventmusthave fewer than6 veto hits. This eliminatesmorethat 99.9%of all cosmic
rays.Additionally, all eventsmustbein the 1.6 us beamspill window, althoughby the
time the all other cutsare appliedthis is essentiallyall that remains.The determined
productionratesare all relative to thesepre-cuts.Therefore,if one is interestedin
computinga crosssectionfrom thesenumbers,it would be importantto understand
theinefficiencgy of thesecuts(for examplefrom the overlapof two neutrinointeractions,
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or of a single neutrinointeractionwith a cosmicray) andthe effective target volume,
whichis largely setby the vetocut.

The analysiscuts are basedon the reconstructiorwhich fits eachevent with muon,
electronand r® hypothesesEachfit producesa likelihood, and the log of the ratio
of differentlikelihoodhypothesesreusedfor particleidentification.In the first stage,
electronlike eventsareselectedby applyingthe cutlog(.Z, /%) > 0.05. Next the -
like eventsare selectedwith log(-Zn/- %) < 0. Whencoupledwith a reconstructegry
masscut, aboutthe 1° massavery cleansampleof ° events(signalto noiseratio ~30)
is selectedwvith anoverall efficiency of about40%.

The n° candidateeventsare divided into bins of reconstructed®® momentumand
the Monte Carlo (MC) is usedto unsmeathe data,correctingfor momentunmsmearing
andinefficiengy. A matrixis formedby dividing MC eventsinto binsof true momentum
versereconstructednomentumandcountingeventsover backgroundn eachbin. Each
matrix elementis divided by the total numberof eventsin all reconstructedbins with
the sametrue momentumrange. This matrix, which is well conditionedand largely
diagonal,is invertedto form the unsmearingmatrix. The datavector is formed by
dividing the candidateeventsinto the samereconstructedins and subtractingthe
backgroundin eachbin accordingto the signalto noiseratio for the corresponding
MC reconstructedange.The unsmearedor corrected,dataratesare the productof
the unsmearingmnatrix and the datavector Figure 1 shovs an absolutelynormalized
comparisonof the raw MC predictionto the correcteddatadistribution. The ratio of
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FIGURE 1. Resultsof the ° unsmearingn bins of momentum The blue points show the corrected
pi0 momentundistribution andtheredpointsshav theraw Monte Carlo ° momentundistribution. This
comparisoris shavn absolutelynormalized.
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FIGURE 2. The i reweightingfunction, which is usedto correctthe m° rate of the Monte Carloin
binsof momentumThis functionis justtheratio of thedistributionsshovn in Figure 1.

thesetwo distribution forms a correctionfunction (Figure 2) which is usedto reweight
m° eventsasa functionof truemomentumin the MC.

By constructionthe reweightingfixesthe discrepang betweendataandMC in re-
constructed®® momentumAdditionally, it alsoimprovesagreemenin mary of thekey
kinematicdistributions.Figure 3 shaws the relatively normalizeddatato MC compari-
sonfor boththeraw andcorrectedVIC. Thekinematicdistributionsshovn arethecosine
of the yy openingangle,the y enegiesandthe yy mass.The openingangleandenegy
comparisonshov marked improvement,while agreementn the massdistribution is
largely unafectedby thereweighting.

RESONANT AND COHERENT 7° PRODUCTION

In neutrino-nucleuinteractionstherearetwo mainmechanism$or 7° production.The
m° canresultfrom thedecayof aresonancesuchasaAt or A, thatwasproducedn the
primaryinteraction,or it canbe producedcoherentlyoff of theentirenucleusCoherent
andresonanproductionhave very differentdistributionsfor the pion anglewith respect
to the beamdirection— the extra massof the resonanceéendsto broadenthe angular
distribution, while the coherenfpionspile-upin the forward direction. This factcanbe
usedto fit therelative contribution of thetwo productionmechanisms.

The ° candidateeventsin the momentumreweightedMC are usedto form three
templatesone for resonantevents,onefor coherentevents,and one for background.
While the angulardistribution for the coherentandresonaneventsare quite different,
the coherentand backgroundeventsare somavhat similar. So the templatesare made
in two dimensionsthe first dimensionis a function of angle(E;(1 — cosf)) andthe
seconddimensionis mass.The more complex angularfunctionis usedbecauset has
a consistenshapefor coherenteventsacrossall ° momentaat MiniBooNE enegies.
Variablebinningis usedsuchthatthetotal numberof MC eventsin eachbin is approxi-
matelyequal.Thenumberof binsin eachprojectionis varied,independentlyfrom 15to
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FIGURE 3. A comparisorof raw andcorrectedvionte Carloto datafor various7® kinematicdistribu-
tions: a) the openingangelbetweernthe two gammasp) enegy of the mostenegeticgamma,) enegy
of theleastenegeticgamma,d) yy mass.In all plotsthe correctedMonte Carlois in asgoodor better
agreementvith the datathanis theraw Monte Carlo.

25, for atotal of 121 fits, andthe averagefit parametersreused.Figure4 shows thefit
resultplottedagainstdatain thetwo projectionsFor the MiniBooNE flux anddetectoy
with theNUANCE generatof4] providing the secondarynteractionmodel,thefit finds
that(19.5+1.1)%of all exclusive neutralcurrentr® productionis coherentThis should
be comparedo theraw MC which predicts30% coherenfor the MiniBooNE flux and
detector

To determinghebestoverall productionparameterizatiorthe binnedmomentunmand
coherenfits areiterated.Theiterationcorvergesafteronly oneround.In theoscillation
analysistheMC is correctedn bothmomentumandcoherenfraction.

In thecoherentanalysisanumberof possiblesourcef systematierrorwereinves-
tigatedincluding: choiceof binning,backgrounctcompositionmomentunreweighting,
neutrinoflux, choiceof analysiscuts,anddetectormodel. Table 1 lists the error esti-
mationfrom eachof thesesourcesBYy far, the largestsourceof systematicerroris the
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FIGURE 4. Monte Carlooverlayof thetemplatefitted 71° datain a) yy massandb) E(1 — cos8).

detectomodel,which comesprimarily from the uncertaintyin thereconstructeénegy
scale.

As atestof the modeldependencef the coherentfraction, the datawererefit after
significantmodificationsof the MC modelparameterd-ive variationson the NUANCE
modelwereexplored:

« The coherentaxial massassumedn the Rein-Sehgalcoherentmodel [5] was
decreasedby a factor of three. This particularexcursionwas chosenbecausat
is what would be neededto bring the predictedcoherentr® crosssectioninto
agreemenivith themeasuredliniBooNE coherentate.While thenormalizations
givenby thefit, thischangedoesalterthedistribution of kinematicsor thecoherent
events,andthereforecanchangehefit result.

« Diffractive events,which arisefrom coherentscatteringoff hydrogentargets,ac-
countfor 16% of all coherenteventsin MiniBooNE. In this variation diffractive
eventswere removed from the coherentfit template.The diffractive contribution

TABLE 1. Contritutionsto thesystemati@rrorsin the
coherenfraction.Errorsaregivenin percentcoherent.

Source Err or (%)
Binning 0.21
BackgroundModel 0.64
Reweighting 0.51
Flux 0.06
AnalysisCuts 0.51
DetectorModel 2.34

All Systematics 2.54




tendsto be slightly lessforward pealed thanthe coherentscattersoff carbon,and
hencetheir removal impactsthe shapeof the coherenfit template.

» The axial mass,M}\", assumedn the Rein-Sehgalesonanmodel [6] wasvaried
by +25% of its default value.Altering the axial form factorparametegaffectsthe
resonantontritution atlow Q2.

- Thenucleamodelaffectingresonant® eventswasmodified:
— Thebindingenegy in theFermiGasmodelwasvariedby 177%from 34 MeV
to 60 MeV.

— The Fermi momentumin the Fermi Gas model was varied by 72% from
246MeV/cto 423MeV/c.
The variationsare quite large and specificallyimpact the resonanfpredictionsat
low Q2. By reducingthe nucleareffects,onecantestwhetherarge changeso the
FermiGasmodel,not from coherenscatteringcanimprove agreemento datain
the mostforward (or low Q?) region.

« TheA decayangulardistribution wasvariedfrom thedefaultmodel,whichis from
ReinandSehgal5]. Thevariationsincludedisotropicdecayin the centerof mass
frame, a pure spin 1/2 decay and a pure spin 3/2 decay The default modelin
NUANCE is isotropic decayand, in making the switch to the Rein and Sehgal
decaydistribution, a significantshift in the coherenfractionwasobsenred.

Thefitted coherenfractionandfit confidencdevelsfor eachof thesestudiesaregiven
in Table2. In addition,thefit confidencdevel for fits with the coherenfractionfixedto
zeroarealsogiven.Thezerocoherenfits show clearlyshav thatnoneof thesevariations
preferacoherenfree productionmodelashasbeensuggestetty the K2K chagedpion
study|[7].

TABLE 2. Averagefitted coherenfractionsandconfidencdevelsfor fits with several varia-
tionsof the crosssectionmodel,including the study of the angulardistribution of the A decay
The default model's angulardistribution is given by the model of Rein and Sehgal[5]. The
confidencdevel is alsogivenfor fits wherethe coherenfractionis fixedto zero.

Variation Coherent Avg. C.L. (%)
Fraction (%) Coh. No Coh.
DefaultModel 19.5+1.1 5.97 1.8x10716
Ma Coherent 19.1+1.1 5.73 3.8x10° Y/
No Diffractive 17.9+1.0 11.63 5.7x10° 7
M31™ ResonanHi 17.9+1.1 3.27 1.5x10 14
M1™ Resonant.o 21.1+1.1 5.00 7.2x10°22
Binding Enegy Hi 19.4+1.1 5.85 6.4x10°16
Binding Enegy Lo 19.6+1.1 6.29 2.2x10° 17
FermiMomentumHi 18.2+1.1 3.29 1.3x10°15
FermiMomentumLo 21.0+1.1 4.24 4.6x10°%3
IsotropicA Decay 18.1+£1.1 1.88 1.8x10°16
PureSpin3/2 20.8+1.0 3.49 1.7x10°18

PureSpin1/2 16.9£1.2 0.01 1.3x10°19




CONCLUSIONS

Neutralcurrentr® productionis both a major potentialbackgroundo the MiniBooNE

oscillationanalysisandan opportunityto make high impactmeasurements neutrino
crosssectiongwith the world’s largestdatasetof 0.5to 2 GeV neutrinointeractions).
The analysisdescribecherehasresultedin a direct measuremerof 7° productionin

the MiniBooNE detectorwhich is critically importantfor estimatingthe 7° misidenti-
fication backgroundo ve appearancdn addition,the coherentr® production relative

to total exclusive 1° production,wasmeasuredindfoundto be (19.5+1.1 (stat) +2.5
(sys))%.

ACKNOWLEDGMENTS

The authoraknavledgesthe kind supportof the ThomasF. and Kate Miller Jefress
Memorial Trust.

REFERENCES

. A. Aguilar, etal., Phys. Rev. D64, 112007(2001),ar Xi v: hep- ex/ 0104049.

. A. A. Aguilar-Arevalo, etal., Phys. Rev. Lett. 98, 231801(2007),ar Xi v: 0704. 1500[ hep- ex] .
. J.L. Raaf,Nucl. Phys. Proc. Suppl. 139, 47-53(2005),ar Xi v: hep- ex/ 0408015.

D. CasperNucl. Phys. Proc. Suppl. 112, 161-170(2002),ar Xi v: hep- ph/ 0208030.

D. Rein,andL. M. SehgalNucl. Phys. B223, 29 (1983).

D. Rein,andL. M. Sehgal Ann. Phys. 133 79 (1981).

M. Has@awa, etal., Phys. Rev. Lett. 95, 252301(2005),ar Xi v: hep- ex/ 0506008.

NogopwNE



